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ABSTRACT: Solid dispersions embed active pharmaceutical ingredients in
polymeric carriers to improve their solubility. Three solid dispersion
preparation techniques are typically employed: solvent evaporation, solvent-
fusion, and fusion methods. Although these are also widely recommended as
preparative methods for phase diagram determination, few examples exist
concerning their effect on the resulting polymorph, once the solid dispersion
is produced. In this study, the influence of these methods on the
polymorphic form obtained in crystalline solid dispersions (CSDs)
composed of flufenamic acid (FFA) and polyethylene glycol was
investigated. The physical mixtures and CSDs were characterized by powder
X-ray diffraction, infrared spectroscopy, and differential scanning calorim-
etry. The results reveal that the fusion method leads to concomitant
polymorphs (mainly FFA I and III) in the CSDs. In contrast, the solvent evaporation and solvent-fusion methods lead to FFA
III. Collectively, these results demonstrate that preparative methods have a significant influence on the phase diagrams
determined (average relative deviation ≤8%), which are often used to justify the design space of manufacturing processes,
including those deemed “continuous.” Consequently, choosing a preparation method that results in the desired polymorph is
crucial to ensure accurate determination of phase diagrams and critical quality attributes of formulations.

1. INTRODUCTION

Solid dispersions embed active pharmaceutical ingredients
(APIs) in polymeric carriers to improve their solubility.1−3

Generally, two types of solid dispersions can be distinguished
with respect to the solid state of the API, namely, amorphous
and crystalline.2−4 On the one hand, amorphous solid
dispersions can enhance the dissolution rate of poorly water-
soluble APIs.3−7 However, amorphous solids are thermody-
namically unstable and tend to crystallize without control over
the solid form, which alters the solubility and bioavailability of
the final drug formulation.2,8−11 On the other hand, recent
studies have proven the feasibility to process crystalline solid
dispersions (CSDs) in continuous manufacturing settings
while still improving the dissolution of the API.2,4,12,13

However, the application of CSDs is yet to be widespread,
due to (i) the recent emergence of advanced formulation
technologies (e.g., hot melt extrusion and additive manufactur-
ing) for CSDs,2,13−15 (ii) the contrastingly large interest in
gaining insights into the stabilization of amorphous solid
dispersions,4,6 and last (iii) the lack of understanding about
how the crystalline state behaves in dynamic environments
encountered during manufacturing processes.16

Three main preparation techniques are typically reported for
amorphous or crystalline solid dispersions: solvent evapo-

ration, solvent-fusion, and fusion methods.7,17−21 For the
solvent evaporation method, both the API and the carrier are
separately dissolved in a common solvent, which is evaporated,
once the substances are mixed to produce a solid
dispersion.7,17−20 The API and the carrier must be soluble in
the solvent employed.17 The solvent-fusion method requires
that the API is separately dissolved in a solvent and that the
polymer is melted prior to mixing and further evaporation of
the solvent to produce the solid dispersion.18−20 It has been
documented that the solvent-fusion method can lead to either
homogeneous or heterogeneous mixtures prior to the solvent
evaporation.18,20 In the fusion method, the API and carrier are
melted, and the mixture is then cooled at a specific rate to
produce the solid dispersion.7,17,19,20 An important prerequisite
for this method is that the API and carrier must be miscible
and thermally stable in the molten state while being
processed.17

These three techniques are also widely recommended as
preparation steps prior to phase diagram determination, which
are often used to justify the design space of manufacturing
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processes.22−25 However, very few examples exist in the
literature concerning the effect of these methods on the
resulting polymorph of the API in the CSDs obtained.16,19,26

Polymorphism, a relatively common phenomena in pharma-
ceutical compounds, allows molecules to exhibit multiple
crystalline phases and alters their physicochemical properties
(e.g., solubility, bioavailability, melting point).16,27 Gaining
awareness of the impact of polymorphism when employing
each of these solid dispersion preparation methods might lead
to higher accuracy in the determination of phase diagrams and
control over the quality attributes of APIs in CSDs.25

In this study, the influence of these preparation methods on
the resulting polymorph in CSDs composed of flufenamic acid
(FFA) and polyethylene glycol (PEG) was investigated. FFA is
a nonsteroidal anti-inflammatory drug that presents a high
degree of polymorphism;28 however, only two forms (FFA I
and III) are stable and readily accessible under ambient
conditions.16,28 These two polymorphs are enantiotropically
related with FFA III being the stable form below 42 °C.16,28

PEGs are commonly used to produce CSDs,3,12,13,29−31

particularly for novel polymer-based formulation strategies in
the realm of continuous manufacturing.3,12,13,29−34

CSDs starting with (10−80 wt %) FFA I or III in PEG were
prepared by each of the aforementioned methods. The
polymorphic purity of the resulting CSDs after each
preparation method was determined by powder X-ray
diffraction (PXRD) and Fourier transform infrared (FTIR)
spectroscopy. Differential scanning calorimetry (DSC) was
employed to determine the phase diagrams for the resulting
CSDs. The binary eutectic phase diagrams derived from the
CSDs were compared to phase diagrams produced from
untreated physical mixtures (FFA I-PEG and FFA III-PEG).
Moreover, phase diagrams were predicted applying the
Lacoulonche model35 to obtain qualitative information about
the theoretical liquidus curve as well as eutectic temperature of
the systems under study. The average relative deviation (ARD
%) was calculated to assess the impact of polymorphism on the
phase diagrams as a result of each of these preparation
methods with respect to physical mixtures utilized as untreated
controls. The results obtained serve to (i) guide the selection
process for solid dispersion preparation methods, (ii) advocate
for the use of characterization tools that ensure the accurate
determination of the phase diagram for the polymorphic form
of interest, and (iii) gain control over the critical quality
attributes of CSDs (e.g., polymorph of the API).36

2. MATERIALS AND METHODS
2.1. Materials. FFA I (≥97%) and methanol (ACS reagent,

≥99.8%) were purchased from Sigma-Aldrich. Ethanol (200 proof)
was procured from Pharmaco-Aaper. PEG (≤100%) with an average
molecular weight of 10 000 g/mol and phosphorus(V) oxide (P2O5,
≥98%) were acquired from Alfa Aesar. All chemicals were used “as
received” without further purification. FFA III was produced by
recrystallization from a methanol solution as previously described in
the literature.16,37 For molecular structures of FFA as well as the
packing motifs of selected FFA polymorphs see Supporting
Information or search the Cambridge Structural Database.
2.2. Preparation of Solid Dispersions. Physical Mixtures.

Physical mixtures were prepared as reported in the literature.16 Briefly,
desired amounts of PEG as well as FFA I or III (10−80 wt %) were
ground using a mortar with pestle for 5 min at ambient conditions in
the absence of solvent. Afterward, the physical mixtures were analyzed
by PXRD (Supporting Information) to confirm that the energy input
through grinding had no adverse effect on the polymorphic form prior

to the solid dispersion preparation method and phase diagram
determination by DSC.

Solvent Evaporation Method. The solvent evaporation method
was employed as described in the literature.7,18−21 Briefly, desired
amounts of FFA (I or III) and PEG were separately dissolved in 20
mL scintillation vials by adding 5 mL of methanol or 10 mL of
ethanol, depending on the solubility of FFA.38−40 To ensure complete
dissolution of FFA and PEG solutions were heated to 40 °C (VWR
Digital 2 block heater 120). After 1 h, the clear solutions were filtered
through a Fisher Scientific poly(tetrafluoroethylene) (PTFE)
membrane syringe filter (25 mm, 0.2 μm pore size) to eliminate
the presence, if any, of particulate impurities or possible FFA seed
crystals (≥0.2 μm) that could influence the crystallization. To exclude
this as a possible impact, CSDs were prepared starting with FFA I and
III, respectively. The undersaturated solutions with respect to FFA
were both transferred into a new 20 mL vial, resulting in mixtures
containing FFA and PEG in the desired composition. Afterward, the
solvent was removed employing a fast or slow evaporation method.

For fast evaporation rate (faster generation of supersaturation),
reduced pressure was employed for 40 min using a Rotavapor R-210
from Büchi Labortechnik AG with recirculating chiller F-105, heating
bath B-491, vacuum pump V-700, and vacuum controller V-850 at 40
°C (122 mbar and 38 mbar for methanol and ethanol, respectively).
For slow evaporation rate (slower generation of supersaturation), the
vials were covered with perforated aluminum foil at 40 °C in a heating
block for 3 (methanol) to 7 d (ethanol). The resulting CSDs were
stored in a desiccator at ambient temperature under 0% humidity
using P2O5 for 2−4 d before further solid-state characterization was
performed. CSDs of FFA-PEG system have been shown to be stable
for ≥900 d.16 Every composition was prepared and characterized in
duplicate.

Solvent-Fusion Method. The solvent-fusion method was employed
as previously described in the literature.18−20 Briefly, desired amounts
of PEG were weighted into a 20 mL scintillation vial and melted at 69
°C for 10 min using a heating block. The amount of FFA needed to
achieve the desired compositions (10−80 wt % in PEG) was dissolved
and filtered into the vials containing the molten PEG, as described in
the solvent evaporation method. Afterward, the mixtures were
homogenized for 10 s with alternate movements in a Vortex mixer
(VWR Vortexer mini 120 V). The solvent was then evaporated under
reduced pressure from the mixture as described in the solvent
evaporation method. The resulting CSDs were stored as described
above before further solid-state characterization was conducted. Every
composition was prepared and characterized in duplicate.

Fusion Method. This method was conducted as previously
reported in the literature,17,19 using a hot stage (Linkam Scientific
Instruments Ltd., LTS 420) coupled with a polarized light microscope
(Nikon Eclipse LV100N POL). The physical mixtures (∼60 mg)
were evenly distributed onto a microscope slide and equilibrated at 20
°C prior to heating (5 °C/min) to 150 °C. Afterward, the molten
mixtures were cooled to 25 °C at a rate of 20 or 2 °C/min, for fast-
and slow-cooling profiles, respectively. The thermal stability of both
FFA and PEG under these conditions has been discussed in previous
work.16 The hot stage was calibrated measuring the melting point of
water. Optical micrographs were recorded using a Nikon DS-Fi2
camera and NIS Elements BR software version 4.30.01. Once the
CSDs were obtained, the microscope slides were stored in a
desiccator as described above before further solid-state character-
ization was conducted. Every composition was prepared and
characterized in triplicate.

2.3. Solid-State Characterization. Prior to the characterization
of the CSDs, the samples were carefully transferred and gently ground
using a mortar with pestle for 5 min at ambient conditions in the
absence of solvent. Preliminary PXRD analysis confirmed that no
polymorphic phase transformation was induced through the increased
energy input, which is consistent with previously reported literature.16

Powder X-ray Diffraction (PXRD) Analysis. PXRDs were collected
for each CSD at 300 K in a Rigaku XtalLAB SuperNova microfocus X-
ray diffractometer, with a Cu Kα radiation (λ = 1.5417 Å, 50 kV and 1
mA) source equipped with a HyPix3000 X-ray detector in
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transmission mode. Powders were affixed in MiTeGen microloops.
Powder diffractograms were collected over an angular 2θ range of 5−
40° (step size of 0.01°) using the fast phi experiment (120 s
exposure). Data were analyzed in CrysAlisPro software version
1.171.3920a.
Samples obtained employing the fusion method that started with

FFA I were characterized by PXRD at ambient condition employing a
Bruker D8 Discover micro-diffractometer equipped with the General
Area Detector Diffraction System (GADDS) and the VÅNTEC-2000
two-dimensional (2D) detector. The X-ray beam was made
monochromatic with a graphite crystal (λ Cu Kα radiation =
1.541 78 Å, 40 kV and 40 mA). The powders were loaded in Kapton
capillaries (0.8 mm) and mounted in a horizontal configuration on a
sample stage affixed to a five-circle Eulerian cradle. The 2D diffraction
data collection was controlled by the GADDS software. Two scans
with rotation of the capillary were acquired with equal incident angle
(θ1) and detector angle (θ2) at 5 and 40°, respectively. Diffraction
patterns were obtained by integrating the 2D PXRD data using
XRD2EVAL in the Bruker PILOT software (version 2014.11-0).
Differential Scanning Calorimetry (DSC). DSC analysis in a TA

Q2000 equipped with a single-stage refrigeration system (RCS40)
and calibrated with a standard (indium). Samples (∼3.0000 ± 0.0001
mg) were weighed using an XP26 (Mettler Toledo) microbalance
(±0.002 mg) and placed in aluminum pans that were hermetically
sealed. The samples were equilibrated at 25 °C for 10 min before
heating to 150 °C at 5 °C/min (±0.1 °C) under N2 atmosphere (50
mL/min). The eutectic temperature and melting points of the
liquidus curve were determined as peak temperatures during the first
heating cycle using the TA Universal Analysis software version 4.5A.
To construct the experimental phase diagrams the DSC measure-
ments were conducted in duplicate.
Samples obtained employing the fusion method that started with

FFA I were analyzed following the same heating profile as described
above in a PerkinElmer DSC 8000 equipped with an Intracooler II.
The calibration of the instrument was made with a standard (indium).
Fourier Transform Infrared Spectroscopy (FTIR). FTIR spectra

were collected using a Bruker Tensor-27 attenuated total reflectance
spectrometer between 400 and 4000 cm−1 with a resolution of 4 cm−1

averaging 32 scans (1 scan/s). The data were collected with the
OPUS Data Collection Program version 7.2.
For samples employing the fusion method with FFA I the FTIR

spectra were collected using a Nicolet 6700 FTIR attenuated total
reflectance spectrometer (Thermo Scientific) between 400 and 4000
cm−1 with a resolution of 4 cm−1 averaging 64 scans (1 scan/s) using
the Omnic 8.3 software version.41

2.4. Thermodynamic Modeling. The thermodynamic model
developed by Lacoulonche et al.35 has been successfully applied to
predict phase diagrams of various API-polymer systems35,42−44 using
known values of physicochemical properties for the pure compo-
nents.35,45,46 The Lacoulonche model was derived for binary systems
applying the Flory−Huggins lattice theory47 for polymer solutions,
which assumes that the substance and the polymer are not miscible in
the solid state.35 In this model, for the compositions below the
eutectic (ϕs < ϕeut), the liquidus temperature (Tϕs<ϕeut) can be
calculated using Equation 1, while above the eutectic composition (ϕs
> ϕeut), the liquidus temperature (Tϕs>ϕeut) can be calculated using
Equation 2.42
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Parameters employed in Equations 1 and (2) include the universal gas
constant R (8.314 4598 J/mol·K), volume fraction ϕs (−), heat of
fusion ΔHf,s and ΔHf,p (J/mol), melting point Tm,s and Tm,p (K), and

molar volume Vm,s and Vm,p (cm3/mol) for each substance (s) and
polymer (p), respectively. The total interaction energy per macro-
molecular volume element between the substance and the polymer,
ΔWs,p (J/mol) in Equations 1 and (2) was set to zero (ΔWs,p = 0),
with the assumption that the mixing of the compounds is
athermal.42,43 The molar volume (Vm) for component i (substance
or polymer) can be calculated using Equation 3, where M is the
molecular weight (g/mol) and ρ (g/cm3) is the density for compound
i.

V
M

i
i

i
m, ρ

=
(3)

The density of PEG and FFA I is 1.20 and 1.47 g/cm3, respectively,
as reported in the literature.28,48 The density of FFA III (ρ = 1.501 g/
cm3) is not readily available in the literature and was calculated using
Equation 4, where M is the molecular weight of FFA (g/mol), NA is
the Avogadro’s number (6.022 140 86 × 1023 mol−1), Z is the number
of formula units for FFA III, and V is the cell volume for FFA III
(cm3).28 The parameters needed for Equation 4 were extracted from
the crystallographic information file (CIF file, Reference Code =
FPAMCA) obtained from the Cambridge Structural Database.28,49

Other parameters needed for the thermodynamic modeling are
summarized in the Supporting Information.

Z M
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ρ = ·
· (4)

The volume fraction (ϕs) can be calculated applying Equation 5,
where ρs and ρp (g/cm

3) are the densities of the substance (s) and
polymer (p), respectively, and xs is the weight fraction of the
substance.
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Average Relative Deviation (ARD%). To assess the impact of the
preparation method on the phase diagram with respect to untreated
physical mixtures of known polymorphic purity, the ARD% for the
liquidus line above the eutectic composition, the FFA side, was
calculated using Equation 6.

N

T T

T
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100

i

N
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m,
CSD

m,
MIX∑=
−

= (6)

In Equation 6 N is the total number of experimental values, and
Tm,i
MIX and Tm,i

CSD are the melting temperatures (°C) of the physical
mixtures and the CSDs, respectively, at a given composition
calculated from the best possible fit of basic polynomial and
exponential functions. All trend lines of the liquidus curves
demonstrate a relatively good coefficient of determination (R2) with
at least R2 ≥ 0.95. The ARD% values are summarized in the
Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Solvent Evaporation Method. The solvent evapo-

ration method relies on the dissolution of the initial polymorph
(FFA I or III), then supersaturation is generated as a result of
the evaporation of the solvent, and the thermodynamics and
kinetics of the system drive the crystallization process.25,50,51

For the solvent evaporation method, the solvents (methanol or
ethanol) were removed by employing a fast or slow
evaporation rate at a constant temperature, 40 °C (2 °C
below the transition temperature, where FFA III is
stable).37,40,52,53 These parameters were selected based on
previous accounts reporting the selective crystallization of
either FFA I or III from methanol or ethanol depending on the
supersaturation.28,37,40 Generally, quick cooling or solvent
evaporation leads to high supersaturation levels, which often
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favors the formation of metastable polymorphs compared to
slower rates.54,55 However, this was not the case for the FFA-
PEG system. After employing both evaporation rates, using
either of the two solvents, CSDs of FFA III were obtained in
every composition (Figure 1). Thus, if the intention is to
prepare a CSD containing FFA I, the commercial form, then
this preparation method might not be suitable as shown in
Figure 1.
The solvent evaporation method was also conducted using a

slow evaporation rate at a constant temperature, 60 °C (18 °C
above the transition temperature, where FFA III is
metastable).37,40,52,53 One would expect that, under these
conditions, this preparative method would lead to CSDs
containing FFA I. However, the PXRD analysis confirms that
all CSDs resulted in FFA III for every composition
(Supporting Information). Similar crystallization behavior of
FFA was observed by Vaźquez et al.40 by employing cooling
crystallization to slowly generate supersaturation of FFA in
various alcohols in the temperature range from 5 to 60 °C. The
authors also reported that FFA III was consistently obtained,
even at temperatures above the transition point (42
°C).37,40,52,53 Thus, both crystallization processes (evaporation
and cooling from methanol and ethanol) seem to favor the
FFA III even when combined with PEG and irrespective of
whether the process temperature is above or below the
transition temperature of the enantiotropically related
polymorphic pair. This suggests an important role of the
solvent in guiding the formation of FFA III.

The binary eutectic phase diagrams of the resulting CSDs
obtained by the solvent evaporation method at 40 °C were
experimentally derived using DSC and compared to the
physical mixtures of FFA III-PEG and the predicted
Lacoulonche model (Figure 2). The physical mixtures of
FFA III-PEG are chosen as the control, because this
polymorph is obtained at every composition when employing
this method (Figure 1). Moreover, the Lacoulonche model
provides an approximation of the thermodynamic behavior for
the eutectic phase diagram. The liquidus curve of the phase
diagrams determined using CSDs prepared by the solvent
evaporation method show good agreement with both the
model and the physical mixtures. The latter is demonstrated by
the low ARD% values (≤5) for all solvents and evaporation
rates employed. It is worth mentioning that the CSDs prepared
starting with FFA I by the solvent evaporation method (orange
squares, Figure 2) and analyzed by DSC correspond to CSDs
of FFA III as discussed above. Therefore, the phase diagrams
shown in Figure 2, “CSD starting with FFA I”, are
representative of CSDs containing FFA III and not FFA I.
This is further reinforced when these phase diagrams are
contrasted to those determined for “CSD starting with FFA
III”, the FFA III-PEG physical mixtures, or predicted by the
Lacoulonche model for FFA III. The phase diagrams produced
by the CSDs obtained through the solvent evaporation method
at 60 °C are available in the Supporting Information and
provide similar results.

3.2. Solvent-Fusion Method. For the solvent-fusion
method, the solvents (methanol and ethanol) employed to

Figure 1. PXRD for CSDs obtained by the solvent evaporation method in methanol using a fast (A, B) and slow (C, D) evaporation rate at 40 °C
starting with FFA III (A, C) or FFA I (B, D). Simulated PXRD of FFA I (Reference Code = FPAMCA11, blue),28 experimental PXRDs of treated
CSDs (various colors), simulated PXRD of FFA III (Reference Code = FPAMCA, green),49 and experimental PXRD of PEG (red). Simulated
PXRDs were extracted from the crystallographic information files (CIF files) obtained from the Cambridge Structural Database.

Crystal Growth & Design Article

DOI: 10.1021/acs.cgd.9b01138
Cryst. Growth Des. 2020, 20, 713−722

716

http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b01138/suppl_file/cg9b01138_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b01138/suppl_file/cg9b01138_si_001.pdf
http://dx.doi.org/10.1021/acs.cgd.9b01138


dissolve the FFA were removed under reduced pressure at a
constant temperature of 40 °C after they mixed with the
molten PEG. The CSDs obtained were identified as FFA III
for every composition (Supporting Information). These results
agree with those obtained when the solvent evaporation
method is used. As in the solvent evaporation method, the
initial polymorph (FFA I or III) is completely dissolved when
undergoing this solvent-fusion method. Thus, once super-
saturation is reached, the polymorphic outcome is dictated by
the thermodynamics and kinetics of the system,25,50,51 which is

similar to the solvent evaporation method, leading to the
formation of FFA III in the CSDs. Therefore, if the CSD
should contain the commercial form, FFA I, this preparation
method will also not be suitable. The similarity in the results of
both preparation methods presented here as well as those
reported by Vaźquez et al.40 for cooling crystallization supports
the critical role of the solvent (particularly alcohols) in guiding
the formation of FFA III despite the presence of PEG in the
solution.

Figure 2. Phase diagrams of CSDs obtained by the solvent evaporation method at 40 °C starting with FFA III (black) or FFA I (orange) using fast
(A, C) and slow (B, D) evaporation rates in methanol (A, B) or ethanol (C, D) compared to the predicted Lacoulonche model for FFA III-PEG
(red) and the FFA III-PEG physical mixture (green). If error bars cannot be noticed, these are obstructed by the data points.

Figure 3. Phase diagrams of CSDs obtained by the solvent-fusion method starting with FFA III (black) or FFA I (orange) using (A) methanol and
(B) ethanol compared to the predicted Lacoulonche model for FFA III-PEG (red) and the FFA III−PEG physical mixtures (green). If error bars
cannot be noticed, these are obstructed by the data points.
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The phase diagrams of the CSDs prepared by the solvent-
fusion method were compared with those obtained using FFA
III-PEG physical mixtures and the Lacoulonche model. As in
the solvent evaporation method, the physical mixtures of FFA
III-PEG are chosen as the control, because FFA III is obtained
at every composition (Figure 3). In Figure 3 it can be seen that
the liquidus curves of the phase diagrams determined using
CSDs prepared by the solvent-fusion method are in good
agreement with the Lacoulonche model and the physical
mixtures (ARD% ≤ 2). CSDs produced starting with FFA I
with the solvent-fusion method (orange squares, Figure 3) and
further analyzed by DSC correspond also to FFA III. For this
reason, the phase diagrams shown in Figure 3 (independent if
started with FFA I or III) are representative of CSDs
containing FFA III and not FFA I.
3.3. Fusion Method. For the fusion method, physical

mixtures were prepared and melted before different cooling
rates (fast or slow) were applied. The resulting CSDs were
analyzed by PXRD; those prepared starting with FFA III are
illustrated in Figure 4, while CSDs prepared starting with FFA
I are shown in the Supporting Information. Unlike the previous

two methods, the solid-state analysis of the CSDs generated by
the fusion method reveals that most CSDs present a mixture of
various FFA polymorphs, mainly FFA I and III. In those cases
where concomitant polymorphism54,55 was not observed, the
predominant form was FFA III. On this account, this
preparation method is not suitable to produce CSDs
containing either of the two polymorphs in pure form.
In recent years, various studies have shown that melt

crystallization enables the access to previously unexplored
polymorphic forms and more readily leads to the appearance of
concomitant polymorphs compared to solution crystalliza-
tion.56−62 However, the mechanism leading to the generation
of polymorphs (single phase or concomitantly) in melt
crystallization processes is poorly understood. More so in
cases where there is additional complexity due to the presence
of a second component such as polymers. In terms of the FFA-
PEG system, the crystallization of the supercooled melt occurs
within a very broad temperature range (20−119 °C) showing
the uncontrolled (stochastic) nature of the process. The
presence of competing thermodynamic and kinetic (nuclea-
tion, growth, phase transformation) factors54,55 due to the

Figure 4. PXRDs for CSDs obtained by the fusion method using (A) fast- and (B) slow-cooling process starting with FFA III. Simulated PXRD of
FFA I (Reference Code = FPAMCA11, blue),28 experimental PXRD of treated CSDs (various colors), simulated PXRD of FFA III (Reference
Code = FPAMCA, green),49 simulated PXRD of FFA IV (Reference Code = FPAMCA15 black),28 and experimental PXRD of PEG (red). Blue
dashed line, the green dotted line, and broken black line correspond to the characteristic peaks of FFA I, III, and IV, respectively. Black arrow
indicates a peak at 11.8° in 2θ that corresponds to FFA IX.28 Simulated PXRDs were extracted from the crystallographic information files (CIF
files) obtained from the Cambridge Structural Database.

Figure 5. Phase diagrams of CSDs obtained by the fusion method starting with FFA III (black) or FFA I (orange) using (A) fast- and (B) slow-
cooling process compared to the predicted Lacoulonche model for FFA III-PEG (red), the physical mixtures of FFA III−PEG (green), and FFA I−
PEG (blue). If error bars cannot be noticed, these are obstructed by the data points. ARD% shown are calculated with respect to FFA III-PEG
physical mixture. The values for FFA I-PEG are summarized in the Supporting Information.
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generation of various supercooled regions within the melt
(spatial randomness)63 might trigger the nucleation of multiple
forms of FFA. Moreover, the molecular mobility might also be
reduced in melts compared to solutions leading to suppressed
kinetics, which might be further altered through the presence
of the polymer.10,62,64 However, quick molecular mobility is
essential to permit the diffusion and surface phenomena10 that
are needed for nucleation, crystal growth, and solvent (melt)-
mediated phase transformation processes.16,65,66 Specifically
for the FFA-PEG system, we observed that, as the amount of
PEG increases, the supercooling (driving force)25,51 at which
nucleation occurs decreases during the melt crystallization
process (Supporting Information). Thus, we suspect that, in
the presence of the polymer PEG, highly metastable forms
(e.g., FFA IV and IX)28 do not readily form or are not able to
grow into mature crystals that can be detected by the solid-
state characterization techniques employed in this study.
However, when the fusion method was applied for the pure

API (100 wt % FFA I or III), traces of highly metastable
polymorphic forms of FFA (FFA IV and in some cases FFA
IX) in addition to FFA I and III were obtained when
employing either of the cooling rates (Figure 4 and Supporting
Information).28 These results reinforce our suggestion that the
presence of the polymer, in this study PEG, inhibits the
formation of highly metastable forms of FFA in the CSDs.
Overall, these findings suggests that, contrary to when
polymers are used as a heteronucleants,28,67−71 the addition
of polymers during melt crystallization might hinder kinetic
processes (nucleation, growth, phase transformation) that
promote highly metastable forms and favor thermodynamically
more stable forms instead. This might be an important
consideration when developing CSDs through polymer-based
formulations strategies (e.g., hot melt extrusion or additive
manufacturing) for CSDs,2,13−15 in continuous manufacturing
settings.
The phase diagrams of the CSDs prepared by the fusion

method were compared with those obtained from physical
mixtures of both polymorphs with PEG and the Lacoulonche
model of FFA III (Figure 5). For the discussion of the fusion
method physical mixtures containing FFA I and III in PEG are
both employed as controls, because the characterization
revealed the presence of concomitant polymorphs.54,55 Figure
5 shows that the DSC data and liquidus curves (trend lines) of
the CSDs obtained through this method do not show a
consistent thermodynamic behavior, which confirms the
presence of a mixture of FFA polymorphs (Figure 5).
Moreover, the liquidus curves obtained above the eutectic
composition are significantly altered and varies between the
liquidus curves obtained from physical mixtures of FFA I and
III in PEG, respectively. These findings are supported by
relatively large ARD% values (≤8). Similar ARD% values (≤8)
were also obtained with respect to FFA I-PEG physical
mixtures (Supporting Information). Thus, for this polymorphic
compound, and possibly many others, the fusion method leads
to the inaccurate determination of the binary eutectic phase
diagram in PEG. Moreover, further physicochemical properties
such as dissolution rate are also likely to be affected.72−74

4. CONCLUSIONS
The appearance of different polymorphs as result of different
CSDs preparation methods has been shown to significantly
alter the resulting phase diagram (ARD% ≤ 8). Therefore, the
solid state needs to be carefully characterized prior to DSC

measurements after these preparation methods are employed.
Alternatively, untreated physical mixtures may be used to
generate phase diagrams, because they present a relatively
accurate thermodynamic behavior and prevent issues associ-
ated with concomitant polymorphs or appearance of undesired
polymorphs. On this account, when the employed compounds
are prone to polymorphism, choosing a solid dispersion
preparation method that results in the desired polymorphic
form is crucial to ensure accurate determination of the phase
diagram and quality attributes of the CSDs.
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